Fault location in a power distribution network is a challenging task due to the presence of multilayer branches and short line lengths. Existing fault-location methods generally require measurements at both ends of each branch, which requires a large number of measuring points. The placement of measuring points at branch terminals is an approach that can be used to reduce the number of measuring points. Such a measuring point layout allows the existing fault-location methods for power distribution networks to determine fault points after identifying faulted branches. However, these methods fail to locate a fault if the faulted branch cannot be correctly identified. This paper proposes a traveling-wave-based faultlocation method for branched power distribution networks without requiring faulted branches to be identified. In the proposed method, by using the first arrival times of the fault-generated traveling waves detected at the substation and each branch terminal, the computational fault time difference (CFTD) is defined. By calculating the value of CFTD, the fault point is directly searched out. Finally, the quartile method is used to eliminate the impact of the arrival-time error on the fault-location accuracy of the proposed method. The simulation results verify the high accuracy, traveling-wave velocity stability, and strong arrival-time error robustness of the proposed method.
I. INTRODUCTION
Power distribution networks are connected to power consumers, and faults in a power distribution network directly cause power outages. Statistics show that the majority of customer interruptions originate at faults in power distribution networks. Accurate and reliable fault location is of great importance to reduce the system restoration time and the power outage time [1] , [2] .
The need for accurate and reliable fault location drives the evolution of fault-location algorithms. Among existing methods, those based on impedance [3] - [5] and traveling waves [6] - [10] are the most widespread. Impedance-based methods and some types of traveling-wave-based methods have been shown to work well for single-line power transmission
The associate editor coordinating the review of this manuscript and approving it for publication was Taha Selim Ustun . networks [11] . For power distribution networks, existing methods perform poorly because of the presence of multilayer branches, the shortness of line lengths, and the lack of measuring points. The spread of wide-area measurement techniques and advanced measuring devices has started to overcome these limitations and can provide necessary measured data for fault location and decrease the investment cost of placing new metering points. Currently, several faultlocation methods for power distribution networks have been reported. These methods generally require the placement of measuring points at substation and branch terminals. Such a measuring point layout allows these methods to determine fault points after identifying faulted branches. In [12] , [13] , impedance-based methods that utilize the measured data from substations and branch terminals are presented to identify faulted branches and determine fault points. In general, impedance-based methods require the voltages and the currents at the fault point and branch points/branch terminals to be estimated by using measured data and Kirchhoff's law. Therefore, the fault-location accuracies of these methods are affected by the measurement errors, line parameter errors, and equivalent load model accuracy. In addition, the difference between the estimated voltage at the fault point and the estimated voltages at branch points may small because of short line lengths. Therefore, impedance-based methods often perform poorly in practice. The method in [14] presents one way to locate a fault by comparing the precalculated arrivaltime differences of the traveling waves with the measured time differences. Since the time differences corresponding to each point and each operation mode of the network need to be precalculated, the computational burden of this method is very large. In [15] , a fault-location method based on the characteristic frequency of the traveling-wave propagation path is proposed. The characteristic frequency depends on the line parameters and the fault parameters. Since accurate parameters are difficult to obtain from the distribution networks, the accuracy of the method in [15] remains to be further discussed. The methods in [16] , [17] identify the faulted branches by comparing the network parameters (that is, branch lengths) with a set of initial fault distances calculated by the classical two-terminal traveling-wave method; then, according to the results of faulted branch identification, the correct fault distances can be selected from the initial fault distances. However, these studies do not discuss the impact of the traveling-wave velocity on the fault-location accuracy. The method in [18] determines faulted branches and fault points by using a set of linear equations derived from the traveling-wave velocity and the first arrival times of the traveling waves detected at branch terminals. However, this method can precisely locate ground faults only if the traveling-wave velocity is highly accurate. In [19] , a novel low-cost traveling-wave measuring device is applied to identify faulted branches and determine fault points. The method in [19] requires the devices to be accurately installed at the midpoint of each branch; otherwise, this method may have a large fault-location error. Furthermore, the impact of arrivaltime errors is not considered in this method.
The above methods contribute to fault location in branched power distribution networks, but each method has unique disadvantages. In general, the identification of faulted branches is the main challenge. In fact, a minor measurement error or parameter error may cause the above methods to fail to correctly identify the faulted branch due to short line lengths and a lack of measuring points at branch points. In addition, although traveling-wave-based methods are sensitive to traveling-wave velocity inaccuracies and arrival-time error [20] , traveling wave-based methods have shown higher accuracy and much stronger fault condition stabilization (time-varying load, distributed generation, system parameters, etc.) [6] - [10] than those of impedance-based methods. Therefore, traveling wave-based methods are more beneficial for fault location in distribution networks. This paper proposes and validates a traveling-wave faultlocation method for branched power distribution networks by utilizing the computational fault time difference (CFTD) derived from the first arrival times of the fault-generated traveling waves. Again, the identification of faulted branches in branched power distribution networks presents a major challenge for fault-location methods. Therefore, the value of the CFTD is used to directly search for fault points to overcome the need for faulted branch identification, which is the major contribution of this paper. Additionally, this paper takes into account that the traveling-wave velocity in power distribution networks is challenging to obtain accurately. Thus, the proposed method uses only the arrival time to derive the CFTD to overcome the impact of this inaccurate or unknown velocity on fault location. Moreover, the effect of arrival-time error on fault-location accuracy is considered, and the quartile method is used to eliminate this effect to improve fault-location accuracy. The proposed method is implemented by placing the measuring points at each branch terminal. A possible disadvantage of such a measuring point layout is the increasing cost of measuring devices as the number of terminals increases. However, the development and application of advanced measuring devices with low cost, such as that mentioned in [19] , provide a way to overcome the abovementioned disadvantage.
II. BASIC CONCEPT AND CHARACTERISTICS OF THE CFTD A. BASIC CONCEPT OF THE CFTD
The illustrative model is shown in Fig. 1 . It is an overhead line network comprised of n − 2 branches. The branches are connected to the main line at branch points b 1 to b n−2 . The traveling-wave detectors (TWDs) M 1 to M n are placed at each branch terminal. Each TWD monitors the voltage and records the arrival time of the fault-generated traveling wave. Assume that the fault occurs at f, the first arrival times of the traveling waves recorded by M 1 and M j (j ∈ [1, 2] ) are denoted by t M 1 and t M j . The reference points R 1 and R 2 are shown in Fig. 1 . The computational fault time (CFT) for R m (m ∈ [1, 2] ) is defined as CFT R m . Regarding t M 1 as the reference time, CFT R m can be calculated by:
where l fM 1 is the line length between f and M 1 , l fM j is the line length between f and M j , l R m M 1 is the line length between R m and M 1 , and l R m M j is the line length between R m and M j .
the CFTD for R m is defined as CFTD R m . CFT R m. 1 j −1 p and CFTD R m can be calculated by:
B. BASIC CHARACTERISTIC OF THE CFTD AT A FAULT POINT
Assume that the traveling-wave velocities between the fault point and the n TWDs are equal. According to the basic traveling-wave fault-location principle, the first arrival time of the fault-generated traveling waves can be described by:
where t f is the fault inception time, and v is the traveling-wave velocity.
Combining (1) and (5):
Assume that the reference point is located at the fault point f in Fig. 1 , as shown by R 1 . Taking into account l fM 1 = l R 1 M 1 and l fM j = l R 1 M j , (6) can be rewritten as:
Furthermore, it can be easily obtained that:
According to the above analysis, when the reference point is located at a fault point, the value of CFTD for this reference point is equal to zero.
C. BASIC CHARACTERISTIC OF THE CFTD AT A NON-FAULT POINT
As mentioned above, the value of CFTD for a fault point is equal to zero. Furthermore, if the value of CFTD for an arbitrary non-fault point is not equal to zero, then CFTD can be adapted to search for the fault point.
The CFTD for R 2 is used for analysis. According to (3),
is equal to zero, then CFTD R 2 is equal to zero. Supposing an arbitrary CFT R 2. 1 j −1 p is equal to zero, the following equation can be derived by combining (2) and (6).
Furthermore, l fM 1 can be solved with (10) , that is:
Taking into account l fM 1 ≥ 0, (11) can be rewritten as:
Similarly, taking into account l fM j ≥ 0 andl fM p ≥ 0, (13) or (14) can be easily derived from (12):
Equation (13) and (14) can be considered as the preconditions that an arbitrary CFT R 2. 1 j −1 p is equal to zero, and these two preconditions cannot be met simultaneously. Furthermore, if each CFT R 2. 1 j −1 p is equal to zero (i.e., CFTD R 2 is equal to zero), then the corresponding precondition can be derived:
). If this precondition is met, then CFTD R 2 may be equal to zero. However, in practice, this precondition presents a highly unlikely scenario due to the complex structure of power distribution networks. Thus, it can be concluded that the value of CFTD R 2 can be always considered to be nonzero. This conclusion is valid for the CFTD for an arbitrary nonfault point.
III. PROPOSED FAULT LOCATION METHOD A. PHASE-MODEL TRANSFORMATION
Since traveling waves are mutually coupled in a three-phase power system, the phase domain signals are generally decomposed into the modal domain components (aerial modal and ground modal). The aerial modal traveling wave is much more stable than the ground modal wave because its dispersion is not obvious. Further, for a power distribution network with a single type of distribution line (overhead line or cable), the velocity of the aerial modal traveling wave can be regarded as a constant [14] - [19] . Thus, in this paper, the measured voltages are converted to their modal components by means of the Clarke transformation [21] , and the aerial modal component (modal 1) is used for fault location.
B. DETECTION OF THE FIRST ARRIVAL TIME OF THE FAULT-GENERATED TRAVELING WAVES
In this subsection, the first arrival times of the fault-generated traveling waves are detected. Several methods for this step are available in the literature, such as the S transform method [16] , [22] , [23] , the wavelet transform method [24] , and the Park transformation [25] . Notably, the aim of this paper is to demonstrate the performance and advantages of the proposed fault location method, not to evaluate the performance of traveling wave detection methods. In this paper, the S transform is used to detect the first arrival times of the aerial modal traveling waves since it has the advantages of both multiresolution analysis and single-frequency analysis [16] , [22] , [23] .
The S transform is a classical signal processing method, and its basic principle has been detailed in [16] , [22] , [23] and is not repeated here. In this paper, only the S transform-based detection method for the first arrival times is described. The output of the S transform is a complex matrix usually known as the S matrix, whose columns pertain to time and rows pertain to frequency. Furthermore, the detection method can be described as follows [22] : calculate the modulus of each element within the row vector corresponding to the frequency f S ; the sampling time corresponding to the maximum modulus is the first arrival time of the traveling wave. In general, the arbitrary frequency contained in traveling waves can be set to f S .
C. SEARCH OF THE FAULT POINT
In this subsection, a CFTD-based fault-location method is presented. Assume that a fault occurs at an arbitrary position in a power distribution network with N terminals, N TWDs (one per terminal), and X reference points. Next, assume that the first arrival times of the fault-generated traveling waves recorded by the TWDs are denoted by t M 1 to t M N . Regarding t M i (i ∈ N ) as the reference time, (1), (2), and (3) are rewritten as (15) , (16) , and (17), respectively:
According to the analysis in Section II, the value of CFTD for the fault point is theoretically equal to zero. However, in practice, the CFTD would be a very small value due to the impact of arrival-time errors and calculation errors. Therefore, the reference point corresponding to the minimum in CFTD i is considered the fault point, and this reference point is denoted by R fault .
Then, an arbitrary TWD is set as the reference TWD, denoted by M * . The fault distance l fM * .i between R fault and M * can be obtained:
where the subscript i is the serial number of reference time.
By regarding each arrival time as the reference time, N fault distances can be calculated, and the fault distance array L = {l fM * .1 . . . l fM * .i . . . l fM * .N } can be obtained. An analysis of (15), (16) , (17) , and (18) indicates that the accuracies of the fault distances in L are dependent on how accurately the arrival times are recorded. If the arrival times are highly accurate, then the fault distances in L are equal, and each fault distance presents the actual fault distance with a high accuracy. If the arrival times are inaccurate, the arrival-time errors result in decreases in the accuracies of the fault distances in L. The fault distances with lower accuracy can be considered ''bad'' data. In this paper, the quartile method is used to eliminate the bad data in L to improve the fault-location accuracy; this process is described in the next subsection. Then, the average value of the normal data in L is the final fault distance.
D. ELIMINATION OF THE ABNORMAL DATA
In this subsection, the quartile method [26] is used to eliminate the bad data in L. According to [26] , the interquartile range of L is given by:
where I QR is the interquartile range of L and Q 1 and Q 3 are the first quartile and the third quartile, respectively. The method for computing Q 1 and Q 3 is given in [26] . Furthermore, l fM * .i (i ∈ N ) outside the boundary shown in (20) can be considered as the data. Then, the average value of the normal data in L, that is, the final fault distance, can be calculated.
E. ADAPTATION OF THE PROPOSED METHOD FOR OVERHEAD LINE-CABLE HYBRID DISTRIBUTION NETWORKS
According to (15) , (16) , and (17), the CFTD is independent of the traveling-wave velocity. Thus, the proposed method has an advantage that the fault-location accuracy does not affect by the traveling-wave velocity. However, this advantage requires the invariable traveling-wave velocity. For an overhead line power distribution network or a cable distribution network, the dispersion of the aerial modal traveling waves is stable, and the velocity of the aerial modal traveling wave can be regard as a constant. For an overhead line-cable hybrid power distribution network, the travelingwave dispersion in the overhead line and the cable are significantly different due to the differences in the structure and the conductor size. Thus, the traveling-wave velocity in overhead lines is different from the velocity in the cables. This velocity difference decreases the fault-location accuracy of the proposed method. Converting a cable into an equivalent overhead line is a way to overcome the impact of this velocity difference. The length of the equivalent overhead line can be calculated by (21) [27] :
where l eq is the length of the equivalent overhead line, l cable is the actual length of a cable, v overhead is the traveling-wave velocity in overhead line, and v cable is the traveling-wave velocity in cable. v overhead and v cable can be calculated by using the parameters of the distribution lines [19] . After converting all cables into the equivalent overhead lines, the hybrid power distribution network is converted into an equivalent network consisting of the original overhead lines and the equivalent overhead lines. In this equivalent network, the velocity difference between overhead lines and cables is eliminated, and the traveling-wave velocity in this equivalent network can be regarded as a constant. Then, the fault point and the fault distance can be determined by using the CFTD-based fault-location method introduced in section III C and D. In addition, if the fault path corresponding to the fault distance contains the equivalent overhead lines, this fault distance should be converted again to obtain a more accurate fault distance:
where l * is the actual fault distance, l is the equivalent fault distance (i.e., the fault distance calculated in the equivalent network), and l overhead is the length of the overhead lines in l . Furthermore, (21) and (22) require the parameters of the distribution lines to calculate v overhead and v cable . However, parameters of the distribution lines are difficult to obtain from the distribution networks. Thus, in this paper, the experiential values of v overhead and v cable are used for the conversion. In general, the experiential velocities for the overhead lines and cables are equal to 98% and 57%-65% of the speed of light, respectively [20] . Notably, the use of the experiential traveling-wave velocities results in a conversion error, and this conversion error may cause a fault-location error. However, the proposed method can overcome the effect of this conversion error because the redundant arrival times are used to calculate the CFTD.
F. THE FLOWCHART AND CHARACTERISTICS OF THE PROPOSED FAULT-LOCATION METHOD
The flowchart of the proposed fault-location method is shown in Fig. 2 . For a real power distribution system, the proposed method can be implemented by placing measuring devices at each branch terminal. Furthermore, the measuring devices required by the proposed method should be able to detect the fault-generated traveling wave and should be equipped with a global positioning system (GPS) and a communication link. In addition, the distance between the two adjacent reference points should be less than twice the length of the required fault-location accuracy and able to be flexibly adjusted according to the scale of the power distribution network. Considering the impact of the errors (measurement error, calculation error, conversion error, etc.) on the faultlocation accuracy, a margin for the distance step should also be considered. In practice, variable distance steps can be used to enhance the practicability of our proposed method: the CFTD is calculated by a large distance step, and the initial fault point can be determined; then a smaller distance step is used to calculate the CFTD to determine the accurate fault point. According to (15) , (16) , (17) , (18) , and the aforementioned analysis, the following characteristics of the proposed faultlocation method can be obtained:
1) The proposed method selects the fault point from the reference points. Therefore, the proposed method does not require the identification of the faulted branch. 2) The arrival times for calculating CFTD are highly redundant. Meanwhile, the bad data (i.e., the fault distances that are seriously affected by the arrival-time errors) in fault distance array L are eliminated by the quartile method. Thus, the proposed method is robust to arrival-time errors. 3) For a power distribution network with a single type of distribution line (overhead line or cable), the CFTD is independent of the traveling-wave velocity. For an overhead line-cable hybrid power distribution network, the conversion error caused by the experiential traveling-wave velocities may affect the accuracy of the CFTD. However, the effect of the conversion error can be overcome because redundant data are used to calculate the CFTD. Thus, the proposed method presents a stability to the traveling-wave velocity.
IV. PERFORMANCE EVALUATION A. SIMULATION MODEL
The example network in this paper, shown in Fig. 3 , is based on the United Kingdom Generic Distribution System (UKGDS)'s 'Rural' network (11kV) [18] . In total, 15 TWDs are placed at the branch terminals and labeled M 1 to M 15 . M 1 is selected as the reference TWD, that is, M * . For clarity, the branch points are labeled b 1 to b 12 . The distribution lines in Fig. 3 are all overhead lines, and their lengths are shown in Fig. 3 . The additional network data can be obtained from [28] . The simulation of the example network is carried out using PSCAD. The PSCAD-generated simulation data are then imported into MATLAB, where the proposed algorithm is implemented. In all simulations, frequencydependent Marti line models [29] are used to implement the overhead lines, and a sampling frequency of 10 MHz is used. For convenience, an identical configuration is assumed for each overhead line. The distance between adjacent reference points is 20 m; a summary of the position of the reference points is shown in TABLE 1. In all the simulations, the Clarke transformation is used to transform the voltage signals from the phase domain into the modal domain; then, the S transform is performed on aerial modal (modal 1) voltages. f S is chosen to be the Nyquist frequency. To evaluate the performance of the proposed method, the percent error for fault location is used:
where l fM * actual is the actual fault distance, l fM * .calculated is the calculated fault distance, and l total is the total branch length. 
B. PERFORMANCE OF THE PROPOSED METHOD
Assume that a single-line-to-ground fault (A-g) with a fault resistance of 50 and a fault angle of 60 • occurs at f 1 (i.e., R 115 ), 2300 m from M * . The fault inception time is set to 0.1033 s. The results of S transform and the first arrival times of the traveling waves are shown in Fig. 4 and TABLE 2. The results of CFTD i (i ∈ [1, 15] ) are shown in Fig. 5 . This figure illustrates that the value of CFTD is minimized at the fault position regardless of which arrival time is regarded as the reference time. The minimum of CFTD i is listed in TABLE 3. The fault point (i.e., R fault.i ) and fault distance (i.e., l fM * . i ) are also listed in TABLE 3.
L can be obtained from the data in F min and F max of L can be calculated through (20) and are both 2300. Thus, there are no bad data in L. The final fault distance is 2301.33 m (i.e., the average value of the good data in L), the corresponding percent error of fault-location is 0.0067%. 
C. PERFORMANCE OF THE PROPOSED METHOD CONSIDERING ARRIVAL TIME ERROR
The accuracy of the proposed method depends on how accurately the arrival time can be recorded. Therefore, two situations are considered: 1) a single arrival time with a large individual error; and 2) all arrival times have errors, which are all different. In both situations, the aforementioned fault at f 1 is used for analysis.
1) SIMULATION WITH A LARGE INDIVIDUAL ERROR
Assume that an error of 20 µs is imposed on t M 1 , and no error is imposed on the other arrival times. The simulation results are listed in 1700, 2100, and 2160. Furthermore, the final fault distance is 2291.66 m, and the percent error of fault-location is 0.0426%. Notably, in TABLE 4, the fault distances derived by CFTD 2 to CFTD 15 are much more accurate than the distance derived by the CFTD 1 . To demonstrate the differences in accuracy, CFTD 1 and CFTD 2 , shown in Fig. 6 , are used for analysis. It is observed that, in general, individual arrival time error leads to a decrease in the value of the CFTD across all reference points. However, this effect depends on which arrival time has an error and the selection of the reference time. Furthermore, in this situation, CFTD 1 Each item of CFTD R m .1 includes t M1 and is affected by the arrival time error. Meanwhile, only 13 items of CFTD R m.2 include t M1 and are affected by the arrival time error. For this reason, the decrease in CFTD R m .1 is much more obvious than the decrease in CFTD R m.2 , and the fault distance derived by CFTD 1 is more sensitive to arrival time error. To improve the fault location accuracy, the fault distances derived by CFTD 1 should be eliminated. This is the reason that the quartile method is used in this paper.
In this situation, if the bad data in L are not eliminated, then the final fault distance and the corresponding error are 2230.7 m and 0.3555%, respectively. According to the aforementioned calculation results, the error is reduced from 0.3555% to 0.0426% after eliminating the bad data, and the fault-location accuracy is increased by 70%.
2) SIMULATION WITH NONIDENTICAL ARRIVAL TIME ERRORS
Assume that the error values of −1 µs to 1 µs are randomly added to each arrival time. In this situation, five cases are simulated, as shown in TABLE 5. The fault-location percent errors of the proposed method are shown in Fig. 7 . To better illustrate the performance of the proposed method, the percent errors of the proposed method are compared with the errors of the existing fault-location method as shown in Fig. 7 . The existing method estimates a set of initial fault distances by using the classical two-terminal traveling-wave method [18] , [27] , and the weighted average value of these initial fault distances is the final fault distance. In general, if the initial distance is less than zero, then its weight is zero; if the initial distance is greater than zero, then the average weight is used. For the existing method, the faulted branch is assumed to be known.
It can be seen that the maximum and average percent errors of the proposed method are 0.1172% and 0.0708%, and the corresponding maximum and average absolute errors are 22.85 m and 13.80 m. Meanwhile, the maximum and average percent errors of the existing method are 0.9490% and 0.8218%, that is, 185.01 m and 160.21 m. Compared with the existing method, the maximum percent error of the proposed method decreases by 0.8318% (i.e., 162.16 m) and the average percent is decreases by 0.751% (i.e., 146.41 m). The above results show that the fault-location accuracy of the proposed method is higher than that of the existing method because of the strong arrival-time error robustness of the proposed method.
D. PERFORMANCE OF THE PROPOSED METHOD IN THE OVERHEADLINE-CABLE HYBRID NETWORK
To illustrate the performance of the proposed method in the overhead-line-cable hybrid power distribution network, the VOLUME 7, 2019 line b 10 -b (i.e., the line between b 10 and b ) in Fig. 3 is modified from the overhead line to the cable. The velocities of the aerial modal traveling wave in the overhead line and cable calculated by the line parameters are 2.942 × 10 5 km/s and 1.7052 × 10 5 km/s, respectively. The aforementioned fault at f 1 is used for the analysis. The first arrival times of the traveling waves are shown in TABLE 6. Since accurate line parameters are difficult to obtain in practice, a 5% conversion error is considered. Then, the cable between b 10 and b' is converted into an equivalent overhead by using (21) , and its equivalent length is 344.83 m. The simulation results are listed in TABLE 7. It can be seen that the fault path corresponding to each fault distance l fM * .i in TABLE 7 contains the equivalent overhead line. Thus, l fM * .i should be converted again to obtain more accurate fault distances by using (22) . The conversion results are shown in 11 are modified from overhead lines to cables (the percentage length of the cable is 34%), and conversion errors of 0, 5%, 10%, 15%, and 20% are considered. The fault-location percent errors of the proposed method and the errors of the aforementioned existing method are shown in Fig. 8 . From this figure, the maximum and average percent errors of the proposed method are 0.0342% (i.e., 6.67 m) and 0.0284% (i.e., 5.54 m). Meanwhile, the proposed method performs better than the existing method. The maximum percent error decreases by 0.5762% (i.e., 112 m). The average percent decreases by 0.5376% (i.e., 105 m). 
E. PERFORMANCE OF THE PROPOSED METHOD UNDER DIFFERENT FAULT CONDITIONS
Here, four fault conditions are considered: fault locations, fault resistance, fault type and fault inception angle. To investigate the performance of the proposed method, various simulation cases are tested, and the fault-location errors are presented in TABLE 9. In TABLE 9, f It can be calculated that the maximum and average errors are 0.0299% and 0.0178%, respectively. Therefore, the effect of fault conditions on the accuracy of the proposed method is not considerable.
V. CONCLUSION
This paper proposes and validates a novel CFTD-based method for fault location in branched power distribution networks. This method performs better than existing methods because it does not require the identification of the faulted branch. In the proposed method, the CFTD calculated by the first arrival times of the fault-generated traveling waves detected at each branch terminal is applied to search out the fault point. The quartile method is used to eliminate the influence of arrival time errors on the fault-location accuracy. It is shown that the proposed method provides results with high accuracy even if a large error exists in a single arrival time or nonidentical errors exist in all arrival times. Moreover, the proposed method presents a strong stability of traveling-wave velocity, which overcomes the impact of an inaccurate or unknown velocity in practice. 
